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The structure and decay properties of d* have been detailedly investigated in both the chiral SU(3) 
quark model and the extended chiral SU(3) quark model that describe the energies of baryon ground 
states and the nucleon-nucleon (NN) scattering data satisfactorily. By performing a dynamical 
coupled-channels study of the system of AA and hidden-color channel (CC) with quantum numbers 
7(J^) = 0(3^) in the framework of the resonating group method (RGM), we find that the d* has 
a mass of about 2.38 — 2.42 GeV and a root-mean-square radius (RMS) of about 0.76 — 0.88 fm. 
The channel wave function is extracted by a projection of the RGM wave function onto the physical 
basis, and the fraction of CC component in the d* is found to be about 66% — 68%, which indicates 
that the d* is a hexaquark-dominated exotic state. Based on this scenario the partial decay widths 
of d* —> dn^TT^ and d* —> are further explicitly evaluated and the total width is then obtained 

by use of the branching ratios extracted from the measured cross sections of other possible decay 
channels. Both the mass and the decay width of d* calculated in this work are compatible with the 
data (M ~ 2380 MeV, T « 70 MeV) reported by WASA-at-COSY Collaboration. 

PACS numbers: 14.20.Pt, 13.75.Cs, 12.39.Jh, 13.30.Eg 


I. INTRODUCTION 

In recent years, the WASA experiments at CELSIUS 
[1] and COSY [2] have identified a isoscalar resonance 
structure with mass M « 2380 MeV and width F « 70 
MeV in the total cross sections of the double-pion fu¬ 
sion reactions pn —>■ dn^Tr^ and pn —>■ d7r“'"7r“. The data 
of angular dependences of these reactions are consistent 
with a spin-parity assignment of = S'*" to this reso¬ 
nance structure. Later this resonance has further been 
observed in the non-fusion reactions pn —>■ pnir^n'^ and 
pn —>■ ppTT~'K^ Hi]- In addition, the same resonance 
structure has also been reported in the double-pionic fu¬ 
sion reactions to the helium isotopes pd —1 ^He7r°7r°, 
pd —i ^He7r+7r“, dd —i '*He7r°7r° and dd —i ‘^He7r+7r“ 
[ME]- In the partial wave analysis of the neutron-proton 
(np) scattering, by incorporating the newly observed an¬ 
alyzing power data of the polarized np scattering reac¬ 
tion, a resonance pole at (2380 ± 10) — f (40 ± 5) MeV in 
the coupled-channel waves has been obtained by 

the WASA-at-COSY Collaboration and the SAID Data 
Analysis Group [iiio], and henceforth this resonance has 
been denoted by d*(2380) following the convention used 
for excited nucleon states. 

Even it is about 80 MeV lower than the threshold of 
A A, the mass of (i*(2380) is still much higher than the 
thresholds of the ANtt and NNtttt channels. However, 
the decay width of (i*(2380) is about only 70 MeV, which 
is much smaller than the width of A, Fa ~ 115 MeV. 
Therefore, the d* (2380) resonance must be a very inter¬ 
esting state involving new physical mechanisms and is 
obviously worth investigating. 

Theoretically, the possibility of the existence of AA 
dibaryon states was first proposed in 1964 by Dyson and 


Xuong from a simple group classification based on SU(6) 
symmetry with no dynamical effects being taken into ac¬ 
count m- Since then, a lot of theoretical work has been 
devoted to explore the possible AA dibaryon, but very 
few of them predicted a mass consistent with that of the 
(i*(2380). The one that should be particularly mentioned 
is our work done in 1999 and later m- There we have 
employed a constituent quark model with several sets 
of parameters to perform dynamical calculations of the 
AA system coupled with the hidden color channel (CC) 
in terms of the resonating group method (RGM), and a 
AA-CC bound state was predicted with a binding energy 
of about 40-80 MeV, which is compatible with the mass 
of fi*(2380). 

After the recent experimental observations, the 
d* (2380) has been investigated in several theoretical ap¬ 
proaches [UHTB] . In Refs. [131 HU, Gal and Garcilazo 
carried out a ttNA three-body-calculation and found the 
T >03 state as a dynamically generated pole at the right 
mass and with about 100 MeV for the width. In Ref. m, 
Huang, Ping and Wang performed a coupled-channel cal¬ 
culation in a chiral SU(2) quark model, and obtained an 
energy close to the observed value and a width of about 
150 MeV which seems too large compared with the data. 

In this work, we perform a further detailed investi¬ 
gation of the AA—CC system with quantum numbers 
I{J^) = 0(3+) within the framework of the RGM in 
both the chiral SU(3) quark model and the extended chi¬ 
ral SU(3) quark model. No free parameters are intro¬ 
duced here, as all the parameters needed are taken from 
our previous work HZlilH], which describes the energies 
of baryon ground states, the binding energy of deuteron, 
and the nucleon-nucleon (NN) scattering phases shifts 
quite well. Besides the binding energy of d*, we con- 
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centrate on a detailed study of its structure and decay 
properties. After solving the dynamical coupled-channel 
RGM equation of AA—CC, the relative wave functions 
of AA and CC channels are for the first time extracted 
by a projection of the RCM wave function onto the cor¬ 
responding physical basis. The partial decay width of 
d* —)■ fi7r°7r° and d* —>■ d7r+7r“ are then explicitly evalu¬ 
ated, and accordingly the total decay width of d* is ob¬ 
tained by use of the branching ratios extracted from the 
measured cross sections of other possible decay channels. 
The dependence of our theoretical results against the 
types of the confinement potential chosen in the model 
is also carefully tested. 

The paper is organized in the following. In the next 
section, we give a brief introduction of our chiral quark 
model and the determination of the model parameters. 
Then our results for the binding energy and structure of 
the d* are shown in Sec. m together with some discus¬ 
sions. The partial and total decay width of d* are calcu¬ 
lated and shown in Sec. |IV| Finally, a brief summary is 
given in Sec. |V] 


II. MODEL AND PARAMETERS 


In Ref. [TS], the chiral SU(3) quark model was con¬ 
structed by a linearly generalization of the linear SU(2) 
a model to the SU(3) case, there the quark and chiral 
fields interacting Lagrangian is written as 


Cf 


-gchij 


] AaCTa + *75 X! 


\a—0 


a—0 


( 1 ) 


with gch being the coupling constant of the quark and 
chiral fields interaction, ip the quark field, Aq the uni¬ 
tary matrix and Xa (a = I,-- - ,8) the generators of 
the flavor SU(3) group, tXa and tTq (a = 0,1,-- - ,8) 
the scalar and pseudo-scalar nonet fields, respectively. 
Clearly, Cf^ is invariant under the infinitesimal chiral 
SU(3 )lX SU(3)h transformation. As a consequence, the 
constituent quarks gain their constituent masses through 
the spontaneous chiral symmetry breaking and the Cold- 
stone Bosons obtain their physical masses through the 
apparent chiral symmetry breaking caused by the non¬ 
zero masses of the current quarks. According to Eq. Q , 
the interactive Hamiltonian can be written as 


= gchF{q'^)lp ^ AaCTa + *75 X! 


V', (2) 




a=0 


where a form factor F{q^) is inserted to describe the 
chiral-field structure, and as usual it is taken as 

/ A2 \ 

= (a^) ■ 

with the cutoff mass A indicating the chiral symmetry 
breaking scale [2DH22]- 


From Eq. ([^, the quark-quark interaction potential 
induced by scalar and pseudo-scalar meson exchanges, 
and can be directly derived. They mainly 

describe the non-perturbative QCD effect in the low- 
momentum medium-distance range. To study the hadron 
structure and hadron-hadron dynamics, an effective one- 
gluon-exchange (OCE) interaction I/O^e jg needed 
to govern the short-range perturbative QCD behavior, 
and a confinement potential is also needed to pro¬ 

vide the non-perturbative QCD effect in the long dis¬ 
tance. Einally the total Hamiltonian for a system with 
6 quarks in the chiral SU(3) quark model can be written 
as 


i? = ^r,-rG+ 5] + + , (4) 

i—1 jyi—1 

with Ti being the kinetic energy operator for the i-th 
quark, Tq the kinetic energy operator for the center of 
mass motion of the whole 6 quark system, and the 
chiral fields induced effective interaction between the z-th 
quark and the j-th quark, 

K? + (5) 

a—0 a—0 

To study the short-range interaction mechanism, in 
Ref. [T7] the chiral SU(3) quark model has been extended 
to include the coupling between the quark and the vector 
meson fields as depicted by the following Lagrangian, 

Ff'' = -gchv^-ff.Xap'^ip - ( 6 ) 

Here pa (a = 0,1, • • • ,8) represent the vector nonet fields, 
and pchv and /chv are constants for vector and tensor cou¬ 
pling between quark and vector fields, respectively. This 
model is called the extended chiral SU(3) quark model, 
where the chiral fields induced effective interaction be¬ 
tween the z-th quark and the j-th quark, now reads 

a=0 a=0 a=0 

with being the quark-quark interaction potential in¬ 
duced by vector-meson exchanges. Note that with the 
inclusion of vector-meson exchanges in the extended chi¬ 
ral SU(3) quark model, the contribution of OCE will be 
reduced automatically by fitting the mass splitting of N- 
A. 

The explicit expressions of the potentials tA^“, 
1A^“, and 1^“"^ for light quark systems are listed 

below: 

KT = -C'( 5 eh,ma„, A) (XlXi) A,r,,), (8) 


(X^Xi) 
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Tfl 

X (cTi • cTj) + 


= C(gchv, , A) (A^A^J , A, r,,) 


6m2 


^2m9 ^ /c\v 
5chv Mjv M2, 


X ( Y3{mp^,A,rij) {ai • <t„) - -S'i„- 


X H3{mp^,A,rij) 


( 10 ) 


(A^ • A=) 


— - 


rij 


2 All 
X I 1 + -CTj • (T, - ^- T^—S; 


3 “* V 


. r- 
Q u 


>, (11) 


vr' = -i^Y - <) 


( 12 ) 


with TTiq being the quark mass, and 


2 A 2 

C'(gch,TO,A) = -^m, 

47r 


(13) 


Yi{m,A,r) = Y{mr) — —Y{Ar), (14) 

m 


Y 3 ('m,A,r)=Y(mr)—{ — ] Y(Ar), (15) 
' m ' 


H^{m,A,r)=H{mr)—[ — '\ H{Ar), (16) 


Yix) = -e-^ 

X 


(17) 


iJ(a:) = ( 1 + ^ + A ) (18) 


Sij — 3 • Vij (Tj • Tlj (7i ' O'j . 


(19) 


Note that in Eqs. ([^, (101 and (Hj), the spin-orbit in¬ 
teractions are not included since they don’t contribute in 
the calculation of the present work. 

The model parameters relevant to non-strange multi¬ 
quark systems are determined in the following way. The 
harmonic-oscillator width parameter 6„ in the Gaussian 
wave function for each uot d quark is taken to be = 0.5 
fm in the chiral SU(3) quark model and = 0.45 fm 


TABLE 1. Model parameters. The meson masses and the 
cutoff masses: mo-' = 980 MeV, m^ = 980 MeV, m-^ = 138 
MeV, rrip = 549 MeV, m,,/ = 957 MeV, rrip = 770 MeV, 
= 782 MeV, and A = 1100 MeV. 



Ch. SU(3) 

Ext. 

f/g=0 

Ch. SU(3) 
f/g=2/3 

bu (fm) 

0.5 

0.45 

0.45 

(MeV) 

313 

313 

313 

gl 

0.766 

0.056 

0.132 

pch 

2.621 

2.621 

2.621 

^chv 


2.351 

1.973 

(MeV) 

595 

535 

547 

(MeV/fm2) 

46.6 

44.5 

39.1 

afu (MeV) 

-42.4 

-72.3 

-62.9 


in the extended chiral SU(3) quark model. The u oi d 
quark mass is taken to be = 313 MeV as usual. 

The coupling constant of the coupling between the quark 
field and the scalar and pseudo-scalar chiral fields, ^ch, is 
determined according to the relation 


9^ ^ f^y 9%Nn 

47r A / ^TT M^ ’ 


( 20 ) 


with the empirical value = 13.67. The cou¬ 

pling constant of the coupling between the quark field 
and the vector fields t/chv and the ratio of tensor coupling 
to vector coupling of vector-meson exchanges /chv/Schv 
are taken 2 sets of values as done in our previous NN 
study |17] : ^chv — 2.351, fchv/dchv — 0, and ^chv — 1.973, 
/chv/ffchv = 2/3. The masses of all the mesons are taken 
to be the experimental values, except for the a meson, 
whose mass is fixed by fitting the NN scattering data. 
The cutoff radius A“^ is taken to be the value close to 
the chiral symmetry breaking scale [20U22] . After the pa¬ 
rameters of chiral fields are fixed, the coupling constant 
gu of OGE is then determined by the mass split of N-A. 
The confinement strength and the zero-point ener¬ 
gies are fixed by the stability condition and the mass 
of nucleon, respectively. 

All the model parameters relevant to the present work 
are tabulated in Table |lj where the first set is for the 
original chiral SU(3) quark model, the second and third 
sets are for the extended chiral SU(3) quark model. One 
sees that in the extended chiral SU(3) quark model, due 
to the inclusion of vector-meson exchanges, the coupling 
constant of OGE is rather small compared with that in 
the original chiral SU(3) quark model. 

We emphasize that the values of all the model param¬ 
eters listed in Table |T] are taken from our previous work 
[niiiH], and they can give a satisfactory description of 
the energies of the octet and decuplet baryon ground 
states, the nucleon-nucleon scattering phase shifts in the 
low energy region (-/s ^ 2m n + 200 MeV) and the bind¬ 
ing energy of the deuteron. No additional parameter is 
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introduced in the present work, which we think would 
help to improve the reliability of the calculated results. 

The RGM |23], a standard method suitable for the 
study of the interaction between complex particles or 
clusters, will be employed to investigate the interaction 
property of the system of AA and CC. Here A and C 
are described in quark model as states with the following 
symmetry and quantum numbers 

A : (Os)" [3]orb, ^ = 3/2 ,1 = 3/2, C = (00), 

C : (Os)" [3]orb, ^ = 3/2 ,1 = 1/2, C = (11), 

where (Os) is the harmonic-oscillator shell wave function, 
[3] orb represents the symmetry in orbit space for each 
cluster, and S, I and C are quantum numbers of spin, 
isospin and color for each cluster. In the framework of 
RGM, the trial microscopic wave function of the whole 
six-quark system of AA-CC with spin S = 3 and isospin 
T = 0 can be written as 

'E'e? = -4 [(/a(Ii, ^ 2 ) </>a(^ 4, Is) rjAAir) + 

</c(ll,l2)(/c(l4,l5)??Cc(»’)]s=3,/=o,C=(00) ' (^l) 

Here A is the antisymmetrizer required by the Pauli 
exclusion principle, />a(C) fh® antisymmetrized internal 
wave functions of the (123) ((456)) 3-quark cluster with 
li {i = 1,2 (4,5)) being its internal Jacobi coordinates, 
and ryAA(CC) the coordinate wave function of the rela¬ 
tive motion of two clusters AA(CC) which is determined 
completely by the interacting dynamics of the whole six- 
quark system. 

Expanding the unknown ?7aa(CC) in Eq. ([M|) by em¬ 
ploying well-defined basis wave functions, sucFas Gaus¬ 
sian functions, one can dynamically solve the RGM equa¬ 
tion for a bound state problem. 


{6-^eg\H-E\-^eg)=0: ( 22 ) 

to get the binding energy E and the corresponding RGM 
6-quark wave function di'gg for the AA-CC system. 

For more details about our chiral quark model and the 
RGM, we refer the readers to our previous work [IIlIISl 

MM- 


III. ENERGY AND STRUCTURE OF d* 


bound state is found to be around 0.80 — 0.96 fm. Now 
Let’s concentrate on the results from a AA-CC {L = 0, 2) 
quadruple-channel calculation. One sees that the cou¬ 
pling to the CC channel further results in an increment 
of about 20 MeV to the binding energy of the bound state 
of this system, called d*, and a considerable decrement 
of the RMS of this state. Finally, the mass of this bound 
state reaches 2.38 — 2.42 GeV and the RMS shrinks to 
0.76 — 0.88 fm. This clearly shows that d* is a AA-CC 
deeply bound and compact state where the coupling to 
the CC channel plays a significant role. For comparison, 
we also list our results for deuteron obtained by using the 


same sets of parameters in Table HI One sees that the 
deuteron has a binding energy of about 2.09 — 2.24 MeV 
and a RMS of about 1.34— 1.38 fm, both agree well with 
the experimental data. Clearly, unlike the AA-CC sys¬ 
tem with I{J^) = 0(3+), the deuteron is weekly bound 
and loose. 

Our further analysis shows that the distinctive features 
of the AA system with I{J^) = 0(3+), i.e. it is deeply 
bound and couples strongly to CC, are due to both the 
quark exchange effect and the short-range interaction be¬ 
ing “attractive” in this system. 

As the internal wave functions 4>a{C) Eire antisym¬ 
metrized already for each cluster, the antisymmetrizer 
in Eq. (1^ for 6 identical quarks is usually simplified as 


A — 1 — 9 P 36 , 


(23) 


and its averaged value in spin-flavor-color space, 
is usually used to characterize the quark-exchange effect 
for a system composed of composite clusters [26]. In 
general, the value of is highly dependent on the 

quantum numbers of a considered complex system, and 
is in the range 


(^"^“) G [0, 2]. 


(24) 


(A®-^“) 1 means that there is almost no quark-exchange 

effect between two clusters, while (M®-^'^) ~ 2 means that 
the quark-exchange effect is highly strong and helpful to 
drag two clusters together to form a compact state. For 
the NN ^Si partial wave, one gets 


(ACV|M*^^|ACV)= 10/9 ^ 1, 


(25) 


i.e. the quark-exchange effect is almost negligible in the 
deuteron. For the AA system with I{J^) = 0(3+), one 
has 


To get the binding behavior of AA-C C sy stem with 
I{J^) = 0(3+), we dynamically solve Eq. (22), the RGM 
equation for a bound state problem, in both the chiral 
SU(3) quark model and the extended chiral SU(3) quark 
model with the parameters listed in Table [^ The results 
are tabulated in Table [h] [25] . Let’s first focus on the 
results from a AA (L = 0, 2) double-channel calculation. 
One sees that the A A with I{J^) = 0(3“*") is indeed 
bound with a binding energy of about 30 — 60 MeV. The 
corresponding root-mean-square radius (RMS) of this 


(AA|A*/“|AA)^^3^,^o = 2, (26) 

i.e. such a state is very special as it has the strong quark- 
exchange effect, and in particular, it tends to drag two 
A’s together. It is thus natural to speculate that such 
an “attraction” could result in a AA bound state. Note 
that such an analysis is model independent and purely 
based on the symmetry property of the system. 

Apart from the strong and “attractive” quark- 
exchange effect, the property of the short-range interac¬ 
tion is another characteristic which makes the AA with 





5 


TABLE II. Binding energy, root-mean-square radius (RMS) of 6 quarks, and fraction of channel wave function for d* in the 
chiral SU(3) quark model and extended chiral SU(3) quark model with ratios of tensor coupling to vector coupling f/g=0 and 
f/g=2/3 for vector meson fields. 




AA (L = 0,2) 



AA-CC (L = 

0,2) 

SU(3) 

Ext. SU(3) 

(f/g=o) 

Ext. SU(3) 
(f/g=2/3) 

SU(3) 

Ext. SU(3) 
(f/g=o) 

Ext. SU(3) 
(f/g=2/3) 

Binding energy (MeV) 

28.96 

62.28 

47.90 

47.27 

83.95 

70.25 

RMS of 6q (fm) 

0.96 

0.80 

0.84 

0.88 

0.76 

0.78 

Fraction of (AA)l=o (%) 

97.18 

98.01 

97.71 

33.11 

31.22 

32.51 

Fraction of (AA) l =2 (%) 

2.82 

1.99 

2.29 

0.62 

0.45 

0.51 

Fraction of (CC)l=o (%) 




66.25 

68.33 

66.98 

Fraction of (CC)l =2 (%) 




0.02 

0.00 

0.00 


TABLE III. Binding energy, root-mean-square radius (RMS) 
of 6 quarks, and fraction of channel wave function for 
deuterons in the chiral SU(3) quark model and extended chi¬ 
ral SU(3) quark model with ratios of tensor coupling to vector 
coupling f/g=0 and f/g=2/3 for vector meson fields. 



SU(3) 

Ext. 

(f/g=o) 

SU(3) 

(f/g=2/3) 

Binding energy (MeV) 

2.09 

2.24 

2.20 

RMS of 6q (fm) 

1.38 

1.34 

1.35 

Fraction of (NN)_l=o (%) 

93.68 

94.66 

94.71 

Fraction of (NN)i =2 (%) 

6.32 

5.34 

5.29 


/(J^) = 0(3+) rather special. In 1980 Oka and Yazaki 
claimed that in all the non-strange two-baryon systems, 
the A A system with I{J^) = 0(3+) is the only one in 
which the OGE provides strong attraction at short range 
m- In our chiral SU(3) quark model, we find that the 
OGE indeed provides short-range attraction. In the ex¬ 
tended chiral SU(3) quark model, although the OGE is 
largely reduced, the short-range interaction is still at¬ 
tractive and the attraction is even much stronger, as the 
vector meson exchanges (VMEs) are also strongly attrac¬ 
tive at short range. 

Gonsidering the facts that the quark exchange effect is 
strong and “attractive” and the short-range interaction 
provided by OGE or VMEs is also attractive, the AA 
system with /(J+) = 0(3+) is indeed a highly unusual 
system. It couples to the GG channel strongly as the two 
interacting As could be dragged close enough by strong 
attraction. 

The NN ^Si partial wave has a rather different fea¬ 
ture than the A A with I{J^) = 0(3+). We know from 
Eq. (251 that in NN partial wave, the quark-exchange 
effect is very weak (almost negligible). Moreover, the 
short-range interactions stemming from OGE and VMEs 
for this partial wave are all repulsive. Therefore, the NN 
^ Si partial wave can only get attraction in the medium- 
and long-range through a and tt meson exchanges, and as 
a result, the deuteron is loosely bound and hardly couples 
to the GG channel. 


Although the theoretical mass of d* from our model is 
already comparable with the data, i.e. M « 2.38 GeV as 
reported by WASA-at-COSY Gollaboration, its unusual 
narrow width, T « 70 MeV, still needs to be understood. 
Our AA-CC {L = 0, 2) coupled-channel RGM calcula¬ 
tion shows that the coupling to the GG channel will result 
in an increment of about 20 MeV to the binding energy 
of AA. This implies that the configuration of CC might 
be substantial in d*. Eor a concrete investigation of the 
decay width of d* and a thorough understanding of its 
internal structure, extracting the relative wave functions 
of both the AA and the CC channels becomes essential. 


Inserting Eq. (23) into Eq. , one writes the RGM 
wave functions for A A and CC channels as 


= (1 — S-Pae) [</>a(Ii, ^ 2 ) 4>a{^4, Is) VAA{r) -I- 

<)'c(ll,l2)(()c(l4,l5)??cc(^)]s=3j=0,c=(00) ’ (2^) 

Clearly that the above wave functions for AA and CC 
are not orthogonal to each other due to the transition be¬ 
tween these two channels caused by quark exchanges, and 
thus they are not suitable to be used directly to clarify 
the components of AA and CC in d*. Instead, the rela¬ 
tive wave function in physics basis, namely the channel 
wave function in the quark cluster model, is introduced 
PHII30j . In the present case, the channel wave functions 
for AA and CC are defined as 


XAA{r) = (^!>a(Ii,| 2 ) <(>a(| 4,|5) I 'keg), (28a) 

xcc(^) = (0c(ll,l2)<(>c(l4,l5) I 'I'eg), (28b) 


where (/>a(C) s-nd 'I'eg are the antisymmetrized internal 
wave function for the cluster of A(C) and the total RGM 
wave function for the whole six-quark system, respec¬ 
tively, as shown in Eq. (21), and (...) denotes the inte¬ 
gral over all the internal coordinates of 3q clusters. Then 
the wave function of d* can be simply abbreviated and 
expanded as 


= |AA) XAA{r) + |CC) xcc{r) 
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r (fm) r (fm) 

(a) d* (b) d (deuteron) 


FIG. 1. Relative wave functions in the extended chiral SU(3) quark model with f/g=0 for the d* (left) and deuteron (right). 


E 

L=0.2 


|AA) 


Xaa(^) 


|CC) 


Xcc(d 


Ywir) 


(29) 


From Eqs. (21), (23), (28a) and (28b), one sees that 
Xaa (*") contains contributions from not only the A A di¬ 
rect term and exchange term but also the CC exchange 
term (namely, the contribution due to the transition from 
the CC channel to the A A channel). Similarly, Xcc(r) 
contains contribution from not only the CC direct term 
and exchange term but also the AA exchange term. In 
other words, the antisymmetrization effect in Eq. (21) 
has already been absorbed into Xaa(^) ^“^cl Xcc(^)- 
is obvious that the AA and CC components in d* as 


depicted in Eq. (29) are orthogonal to each other, and 


hence are suitable to be employed to discuss the spatial 
distribution of d* and its individual components of AA 
and CC. 

We mention that this projection approach might not be 
very rigorous, but to a certain extent it is still a quite rea¬ 
sonable and efficient way to discuss the internal structure 
or individual components of a state composed of com¬ 
posite clusters, as it absorbs the quark exchange effects 
into the channel wave function (relative wave function in 
physical basis) and hence largely reduces the complexity 
of the relevant calculation and discussion based on the 
complex RGM wave function of the whole 6q system. 

The partial-wave projected relative wave functions 
Xaa(^) Xcc(^) — 0^2) obtained in the extended 
chiral SU(3) quark model with f/g=0 are plotted in 
Fig-B where for comparison the relative wave functions 
for deuteron calculated in the same way are also plotted. 


The results calculated by use of the other two sets of pa¬ 
rameters as tabulated in Table |l] are quite similar. Erom 
Eig.^one sees that d* is rather narrowly distributed and 
it has a maximal distribution located around 0.7 fm for 
A A {L = 0) and 0.4 fm for CC (L = 0), respectively. The 
deuteron, on the other hand, is widely distributed with a 
maximal distribution located around 1.4 fm. We also see 
that the deuteron has a considerable D-wave contribution 
which is actually the crucial point making the deuteron 
loosely bound, while for d* the D-wave contribution is 
much smaller. 

The fractions of each individual channel in total wave 
functions can be extracted by an integral of the square of 
the normalized relative wave functions. The calculation 
is first done for deuteron and the results are listed in Ta¬ 
ble [nil One sees that the S-wave accounts for ~ 95% and 
the D-wave accounts for ~ 5% in the deuteron, which as 
we all know is quite reasonable. Similar calculation is 
then done for d* and the corresponding results are tabu¬ 
lated in Table [TT] One sees that the CC component dom¬ 
inates the structure of the d*, as the fraction of the CC 
channel in d* is about 66% —68%. Note that according to 
symmetry, a pure hexaquark state of the AA-CC system 
with isospin 1 = 0 and spin S' = 3 reads 

[6]orb[33]/s=03 = \j^ l^^)/S=03 + |F'C)j 5 ^g 3 , 

(30) 

which indicates that the fraction of CC channel in a pure 
hexaquark state is 80%. It is thus fair to say that d* 
is a hexaquark-dominated exotic state as it has a CC 
configuration of about 66% — 68%. This finding is of 
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TABLE IV. Binding energy, root-mean-square radius (RMS) 
of 6 quarks, and fraction of channel wave function for d* in the 
extended chiral SU(3) quark model with ratio of tensor cou¬ 
pling to vector coupling f/g=0 and the types of confinement 
potential taken to be quadratic, linear and error functional, 
respectively. 



AA- 

r" 

-CC {L 

r 

= 0,2) 

Erf(r) 

Binding energy (MeV) 

83.95 

86.17 

87.63 

RMS of 6g (fm) 

0.76 

0.76 

0.76 

Fraction of (AA)l=o (%) 

31.22 

30.66 

30.41 

Fraction of (AA)l =2 (%) 

0.45 

0.42 

0.40 

Fraction of (CC)_l=o (%) 

68.33 

68.92 

69.19 

Fraction of (CC)l =2 (%) 

0.00 

0.00 

0.00 


great interest. It provides a chance to naturally explain 
that d*, although located above the thresholds of the 
ANtt and NNtttt channels, has a relatively narrow width 
since its dominated CC components cannot be subject 
to a direct break-up decay. A detailed calculation of the 
partial decay widths of d* d7r+7r“ and d* —?> dn^ir^ 
[an will be present in the next section, where we will 
see that apart from the mass, the picture we proposed 
here for d* also results in a good agreement of the decay 
width compared with the data reported by WASA-at- 
COSY Collaboration. 

A conjecture that d* should have an unconventional 
origin and that the CC configuration will suppress its 
decay width has also been mentioned by Bashkanov, 
Brodsky and Clement in Ref. |32j . Our microscopic 
calculation presented here supports their argument and 
moreover, our dynamical results show explicitly that d* 
has about 2/3 hidden-color configurations and thus is a 
hexaquark-dominated exotic state. Physically, the pecu¬ 
liar structure of d* proposed here is not difficult to be 
understood if we keep in mind that the A A system with 
/(J^) = 0(3+) is a highly unusual system as both the 
quark exchange effect and the short-range interaction of 
it are attractive, which makes this system strongly com¬ 
pact and promotes a strong coupling to the CC channel. 

Although no free parameter is introduced in the 
present work, a particular type of confinement, i.e. a 
quadratic one, is used as done in our previous work 
[13 m [13 HU. As is well known that the results in 
the RGM calculation of a single-channel composed of two 
color-singlet clusters are independent of any types of the 
confinement potential, but here in d* , as the CC channel 
is important, we think it should be checked how different 
types of confinement potential affect the results of d*. 
Therefore, we perform two additional analysis by using 
a linear confinement and an error functional confinement 
in the extended chiral SU(3) quark model with ratio of 
tensor coupling to vector coupling /chv/ffchv = 0, and the 
results are shown in Table jlVj compared with those ob¬ 
tained by using a quadratic confinement. One sees that 



FIG. 2. Schematic diagram for the decay of d* —>■ divn. 

the energy of d* varies less than 4 MeV, while the RMS 
of 6 quarks and the fraction of each channel in d* al¬ 
most keep unchanged when the quadratic confinement 
is replaced by a linear one or an error functional one. 
This clearly shows that our results of d* are rather stable 
against the types of the conhnement potential, the reason 
for which is that the AA-CC system with I{J^) = 0(3+) 
is rather compact and thus is not sensitive to the long- 
range confinement potential. 

IV. DECAY WIDTH OF d* 

In Sec. m we have obtained the relative wave func¬ 
tions of A A and CC channels in d*. In this section, 
we perform an explicit calculation of the partial decay 
widths of d* —>■ dTT+TT” and d* —>■ dn^ir^ by use of these 
channel wave functions. 

As we mentioned before, the CC component cannot 
result in a direct break-up decay. In the lowest order, 
the decay process d* dirn occurs in such a way that 
each of the two A’s in d* emits a pion and the remaining 
two nucleons form a deuteron. A schematic diagram of 
this process is depicted in Fig. 

Following Refs. |33I31 ]j the Hamiltonian density for 
the quark-quark-pion interaction in non-relativistic ap¬ 
proximation reads 

Tdqqir — dqqnO' ' kT ■ TT - , (31) 

(27r) ' y/2uj 

where gqqT^ is the coupling constant to be fixed by the de¬ 
cay width of A —>■ Att, and (w, k) is the four-momentum 
of the pion meson. This Hamiltonian density gives the 
qqir vertex as shown in Fig. Further by using the rela¬ 
tive wave functions for AA in d* and NN in d, the tran¬ 
sition amplitude A4 fi of the decay process d* —?> dinr can 
be obtained straightforwardly [3T] , and the partial decay 
width of this reaction can then be evaluated by 

Fd^^dTTTT = ^ J dkidk2dpd (27r) S^{ki + k2 + Pd) 

x 5{u)ki + ^k2 ddd — Md*)\M.fi\ , (32) 
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with (LOi,ki) {i = 1,2) being the four-momentum for 
two pions, and {Ed,Pd) being the four-momentum for 
deuteron. 


By using the relative wave functions provided by our 
model as plotted in Fig. [T] the partial decay widths for 
both d* —>■ d7r+7r“ and d* —)■ d7r°7r° are obtained by a 
calculation of Eq. (321 and the resultant numerical results 
are 


rd*->d 7 r+ 7 r- ~ 16.8 MeV, (33) 

« 9.2 MeV. (34) 

The partial widths for other decay processes can then be 
obtained by using the branching ratios extracted from 
the cross sections of those channels measured by exper¬ 
iments [351 and finally a sum of them results in a 
total decay width of d*, F ~ 69 MeV, which is in con¬ 
sistent with the experimental value F « 70 MeV. This 
justifies the scenario we proposed for d*, i.e. it has about 
2/3 CC component and thus is a hexaquark-dominated 
exotic sate. 

Of course a more serious calculation for the partial de¬ 
cay widths for all the decay channels should be evaluated 
directly by using the relative wave functions of d* pro¬ 
vided in the present work. Research along this line is 
ongoing. 


0.76 — 0.88 fm. For the first time, the relative wave func¬ 
tions in physical basis for each individual channels in d* 
are extracted, and it is found that the d* has a CC frac¬ 
tion of about 66% — 68%, which manifests that the d* 
is a hexaquark-dominated exotic state. All these results 
are tested to be rather stable against the types of the 
confinement potential selected in the model. 

Further based on the scenario we proposed for d*, the 
partial decay widths of d* —)■ d7r°7r° and d* —)■ d7r+7r“ 
are further explicitly evaluated. A total decay width F ~ 
69 MeV is then obtained by the use of the branching 
ratios extracted from the cross sections measured for the 
corresponding decay channels. 

Both the theoretical mass and width of d* calculated 
in our model are in consistent with the data reported 
recently by the WASA-at-COSY Collaboration, which 
strongly supports the scenario we proposed for d*, i.e. it 
has about 2/3 CC components and thus is a hexaquark- 
dominated exotic state. If this scenario can be fur¬ 
ther verified, the d*(2380) will be the first hexaquark- 
dominated exotic state one has ever found, and it may 
open a door to new physical phenomena. We look for¬ 
ward to more theoretical work from other approaches and 
more experimental work from other laboratories to fur¬ 
ther confirm the properties of the d*(2380). 
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